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ABSTRAC T

This note describes the Lincoln Integrated Speech Synthesizer (LISSYN),

a general-purpose computer intended for speech processing , whose centra l

processor is made from ECL gate arrays (large scale integrated circuits

custom built at Lincoln Laboratory).

The goal w~~ to use gate arrays to implement in real time the synthesis

portion of a linear predictive vocoder operating at 4800 bits/sec . The

design process stressed minimizing the number of different kinds of gate arrays

and the number of non-gate-array circuit packages. The result is a general

purpose computer structure featuring : single 1024 x 16 memory for data and

program , 200 nsec instruction cycle , 950 nsec add/shift multip ly, binary

serial input , analog output via a 12-bit D/A converter and desampling filter ,

0.35 cu. ft. volume , 60 watts OC power , 11 gate arrays of 5 types , 30 memory

IC’ s, 27 other circuit packages . The LISSYN runs the linear predictive speech

synthesis in 43% of real time .

I
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I .  INTRODUCTION

A. History

Over the past few years, Lincoln Laboratory has been developing

an ECL gate array technology as a means of providing fast turn-around time for

the design of custom , high-speed circuits of high levels of complexity .

A fixed set of diffusions defines the transistors and resistors of a basic

cell array which can be customized by the patterning of two levels of metal

interconnect . The array is comprised of an 8x8 matrix of cells each of the

compl exity of a triple 3-input gate. In cooperation with efforts in digital

speech research at the Laboratory, a gate array demonstration project was

conceived using the new techniques to fabricate the synthesizer portion of a

Linear Predictive Coding (LPC) algorithm 1’2 for digital speech coding. The

Lincoln Integrated Speech Synthesizer (LISSYN) was designed and built for this

purpose. The LPC algorithm has become prominent due to the simplicity of

its implementation in comparison with other narrowband speech coding methods.

Since the synthesizer (receiver) portion of the algorithm is simpler than the

analyzer (transmitter portion) , this device represented a suitable first major

application of the gate array technology. Implementation of the entire LPC

algorithm would require extra memory and a more complex architecture, requiring

more effort and time than necessary to achieve the goals of the gate array

development project.

A receive-only processor could be used in speech term inal tandeming

experiments and therefore would fill a needed role in current speech research

while demonstrating the gate array capabilities and revealing needed improvements

1
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in processing techniques . In addition , potential systems applications for

stand-alone LPC synthesizers have been identified . One means of providing a

free-form type of voice conferencing capability is to sum the analog speech

signals of all conference participants at a centra l point , and to distribute

the result back to the individua l speakers. When vocoders are used, this method

requires tha t a number of synthesizers be provided at the inputs to the central

summing junction, followed by a single vocoder analyzer at its output . In thi s

way all voice traffic to and from the analog summing point is digital . Although

the voice quality of a system of this type is currently not as acceptable as that

of some other forms of digital conferencing , one reason it has not been too

seriously considered is the assumed high cost of multiple LPC synthesizers.

The demonstration of a potentially inexpensive implementation of such devices

using LSI technology is therefore valuable in that context . A second

application for a stand-alone LPC synthesizer is in the case of wideband-

narrowband interoperability. A currently favored solution to this problem includes

the use of vocoder tand ems, in which a 2.4 Kb/s LPC stream is converted to analog

form and red igitized at a 16 Kb/s rate by a CVSD encoder . This particular

tandem suffers from severe quality degradation , while the reverse tandem

(16 Kb/s to 2.4 Kb/s) yields more acceptable results. One could dispense wi th

the [PC to CVSD conversion if wideband users could accommodate 2.4 Kb/s

LPC data directly. This requires the use of an [PC synthesizer in the wideband

facility, thereby increasing the cost and size of the terminal equipment .

Again , the demonstration of a potentially small and inexpensive LSI approach

to this problem is an appropriate exercise.2
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B. Basic Architecture

The high speed of ECL circuits permits the retention of architectural

simplicity rather than the use of tricks such as pipelining to achieve adequate

speed . In order to simplify design and constructioii of the LISSYN and m inimize

the number of gate arrays required , whi ie including almost all log ic except

that intrinsically unsuitable for ECL gate arrays (mostly memory and TTL),

an add/shift multi plier using a hard-wired control signal sequence was adopted

instead of the use of separate multi plier hardware. Although the multiply

operations occupy 42% of the LPC synthesizer processing time and no other

processing could be done in parallel , the overall speed proved to be more than

twice that required for real-time speech synthesis .

The second architectura l decision hinged on the availability

of a 1024x 1 ECL RAM . Even though there turned out to be only 85 words of

dynamic storage needed for the LPC synthesis algorithm , it cost little more

in money and power and no more in space to use 1024xl ECL RAM s instead of

256x1 ECL RAMs. The 1024-word memory was then large enough for instructions

and tables of constants, as well as for dynamic storage. Since memory is the

principal use of extra packages beyond gate arrays , it was decided to build the

LISSYN with a single memory , a 1024xl6 ECL RAM .

Once this decision was mad e, three other architectural features

followed :

1. There would be no overlapp ing of instruction fetch and operand

fetch/store to speed up the machine.

2. Instruction words would be only 16 hits long , and therefore

a contro l memory would he needed t~ decode the instructions.

S Since the LISSYN was required to operate in a stand-alone

mode as an LPC synthesizer , a separate non-volatile memory was needed

3
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to store an image of the LPC program and tables. Since this memory

could be slow , and since at that time TTL RUM ’s were available with

16 times the bit density of ECL RON ’s, it was decided to imp lement

that memory with four 1024 x 4 TTL RUM packages. Even though it cost

eight other packages to interface the image ROM with the LISSYN , the

overall package count was less than that for using ECL RON for program

and tables and the resultant machine was more versatile. Testing was

also made much easier , since the program portion of memory didn ’t have

to be replaced by a dynamic image memory in order to run diagnostics .

It would not have been trivial to plug in such an image memory . Cable

Jelays alone would have compromised the LISSYN timing.

lhe resultant LISSYN architecture is shown in Fi gure 1 as a block

diagramorganized to show the balance between gate arrays and other packages.

The number of packages needed for each block is shown circled . Not included

is the tester , a detachable box which is used for hardware and software debugg ing .

The central processor is made almost entirely of 11 gate arrays of 5 different

types: four 4-bit ALU slices , four 4-bit Register Transfer slices (containing

and connecting the remaining genera l registers), two control gate arrays ,

one timing phase generator . Only 8 commercial 16-pin ECL DIP’ s were needed to

complete the central processor logic , including interfacing with the tester ,

with the ECL memories , and with the panel switches.

The main memory has 1024 16-bit words of ECL RAM and 32 16-bit

words of ECL RUM. The latter is used by the tester and also holds a bootstrap

program that loads the image memory into the RAM . The three memories , main ,

contro l , and image , use 30 IC packages. Translations between ECL and TTL

take 9 packages , other TTL logic 7 packages. The remaining three packages

are special devices: a 20 MHz clock , a 12-bit 0/A converter , and a modem inter-

. 
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Ca • Al to~ crher , t h e  LISA N -~~~~i t al ns 11 :, , i ~~ ~
- arr ays and 57 o the r  log ica l

packages .

11. D f l S I G N I N G  WITH ;-vi .\ NL \ ‘~ ~~

The L i n c o l n  Lahora t  ory  ~, : i 1  u a r r - i v  i s  a I a r i ~e - s c a l e  i n t e g r a t e d  c i r c u i t

employ ing e m i t t e r  coup l eJ  Io~ ic 
~~
. I . :i ch g a t e  ; ir l - av  chi p has 64 e s s e n t i a l l y

i d e n t i c a l  c e l l s , each c o n s i s t in g  ut a p a t t e r n  of r e s i s t o r s and t r a n s i s t o r s .

The gate a r r ay  user  J - unC i gures t he  ch i p for  h i s  purpose by specif y ing the

meta l  c o n n e c t i o n s  tha t t rari ~~fonn these c e l l  componen t s  i n to  l o g i c a l  elements  and

then connec t s  the  log i c a l  e lem e n t s  i n to  larger  funct i ons.  Typical  of the

logical complexity of a cell is three 3-input gates or one U-type master-slave

flip-flop .

Each gate array is provided with 24 input amplifiers and 24 output

drivers. Input and output circuits can be chosen to be inverting or non-

inverting , and their voltage levels match those of MECL 10K . Output

signal pins can be sacrificed to allow more inputs , but input amplifier s arc

not available for these extra signals. Since the threshold voltage interior

to the gate array differs slightly from the MECL 10K threshold used on the input

amplifiers , extra input si gnals suffer reduced noise marg in.

Gate delays of 0.65 nsec have been measured for lightly load ed gates

within an array3. However , an average delay of 1.5 nsec/gate, counting i nput and

output drivers , was typ ica l of multi-gate paths on the LISSYN gate arrays.

The sal ient advan tage  of the  gate a r r ay  approach over ful l custom

LSI development is the  q u i c k  tu r n - a r o u n d  t i m e  and t h e  ease  of use b~’ t he

sys t em desi gner .  In the ideal  case, the w a f e r s  a l r ead y e x i s t  w i t h  a l l  d i f f u s i o n

steps comp leted . The sys tem d e s i g n e r  chooses l o g i c a l  c e l l  c o n f i g u r a t i o n s  ( e . g . ,

()
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a master-slave flip-flop) from a cell library and connects them on a log ic

drawing into the  function he desires , following a few s imp l e  l o a d i n g  rules .

The total elapsed  t i m e  for t he  f a b r i ca t i o n  process i s  e i g h t  weeks 3 .

In  p r a c t i c e , i t  was necessary  for the  LI S SYN system des igner  to  bec om e

more c l o s e l y  i n v o l v e d  in t h e  d e t a i l s  of the gate array produc tion . Some

examples  of t h i s  invo lvemen t  were :

1) A tes t  progra m must be developed to automatically test

comple ted  ga t e - a r r ay  w a f e r s .  Close  cooperat ion between the  d e s i g n e r

of the  arra and the  deve lope r  of t he  tes t  program was needed .

2) Each gate  arra y is s imulated on a wi rewrap  board w i t h

commercial  ECL packages before  i t  is produced , p a r t l y  to check the

log ical desi gn and part l y to chec k the  test  program mentioned above.

The insi ght of the designer was found lobe useful when i t  came t i m e  to

debug these simulators .

3) There were cases where the desired log ical cell patt ern did

not e x i s t  in the l i b r a r y .  I t  was then necessa ry  for the  d e s i gner  to

work on the  t r a n s i s t o r  leve l  and speci fy  a new log i c a l  c e l l .  The

major  example  of a new ce l l  for the LISSYN was a one-ce l l  master-

s lave  f l i p - f l o p  to rep lace an ea r l i e r  t w o - c e l l  vers ion .

Gate arrays come packaged in 64-p in square ce ramic  f l a t  packs

w i t h  16 leads on .050 inch  centers  a long  each edge. The f l a t  packs Ire then

mounted on an ECL wirewrap board (Augat ECL-21-180) , desi gned for 16-p in

D I P ’ s , by means of a p r i n t e d - c i r c ui t  adaptor hoard tha t  covers . 1.5 of t h e

16-pin D I P  p o s i t i o n s .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Cooling of the gate arrays , some of which dissipate 4 watts ,

requi res  an a i r  f low of 300 l i n e a r  feet  per m i n u t e  across a 4 - f inned  cyl indr ica l

heat s ink  w h i c h  ex tends  0 .5  i n .  above the  ce ramic  package to which  i t  is

epoxy bonded . Fi gure 2a shows a f u l ly  packaged and mounted ga te  a r r a y .

The Ll SS~ N log ic (excluding the tester) occup ies

four of the six sections of the 180-DIP wirewrap board . The fifth section is

empty and the sixth holds the audio filter components. The LISSYN dissipates

60 watts of l)C power . Figure 2h shows the completed LISSYN wirewrap board .

The full LISSYN system (including fans and power supplies ,

but excluding the tester) fits into a cabinet 3.5 x 8.5 x 20 inches , a volume

of 0.35 cubic feet . The LISSYN cabinet is shown in Figure 2c.

III. INSTRUCTION FORMAT

All LISSYN instructions are 16 bits long and have a simple

two-field format :

OP (bits 10-15), a 6-bit instruction code

Y (bi ts  0-9) , a numerical  f i e l d .

The Y f i e l d  is long enough to address the entire 1024-word RAM, which has  o c t a l

addresses 0-1777. Most LISSYN i n s t r u c t i o n s  w h i c h  use Y as an address for

fetching data from or storing data into memory have both indexed and un i ndexed

versions . In the indexed version , Y is interpreted as a 10-hit positive I:

integer and added to the contents of the index register to form the memory

address. In this way it is possible to read the 32-word RUM , which has oct al

addresses 2000-2037.

S

L . ___________________ . ~~~~~~
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a)

Fig. 2a. An ECL gate array on an adaptor board with heat sink .

-~~~~~ - ~~~~~~~~

Fig . 2b. The LISSYN wirewrap board .

F i g. 2c. The complete LISSYN.
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Most jump instructions use Y as the address of the next instruction to

be executed if the jump condition is met . In this case Y replaces bits 0-9

of the present program counter, leav ing bits 10-15 unchanged . In this way

program loops can be executed from the ROM even though Y is too short to address

the RON. The only way a program can jump from the ROM to the RAM is to load

the program counter completely from a 16-bit memory location .

Some LISSYN instructions use Y as a numerical constant, in which case

it is interpreted as a signed , 2’s complement number and sign-extended to

16 bits.

1V. DETAILED STRUCTURE AND TIMING

A typical L1SSYN instruction cycle can be followed with the aid

of the central processor block diagram , Figure 3.

Each LISSYN instruction is implemented in two epochs. Epoch 0

is always 100 nsec (2 clock periods) long. At its start, the address of the

next instruction is gated from the program counter, P. to the memory address

input . When the instruction emerges from memory, its 6-bit OP code is decoded

by the control memory into 32 control signals. The 10-bit numerical field

L of the instructions , if it refers to an address for reading or writing memory,

is extend ed with zeros to 16 bits and Sent to the ALL’ where it may be added

to the contents of the index register , X , or pass through unchanged . At the

end of epoch 0, the resulting address is stored in a memory address register ,

MAR . At the end of epoch 0, the OP code and the numerica l field are

lat ched into the OP and Y registers , respectively. Conditional jump instruction s ,

which do not require computation of memory address , use the ALLI during epoch 0

10
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to  test  the j ump condi t ions .  X can he t es ted for nega t ive  or n o n -n &u ’a t h ’ e

content . The a c c u m u l a t o r , !~, can he tested ~or negative , n o n - n e g a t i v e , zero ,

or n on-zero  content . l’he r e su l t  of any test  is stored at the end of epoch 0

in a fli p-flop not shown in Fi gure 3.

Epoch 1 is also 100 nsec (2 clocks) long for ever~’ instruction

except  m u l t i p l y ,  when i t  is 850 nsec (17 clocks). At the start of epoch 1 ,

t he  OP code is decoded again in a different mode , since some control signals

~.i l l have to change from epoch 0 to epoch 1. The MAR i s  gated to t he mem or y

address inpu t to allow fetching of an operand or storing of the contents of a

rcc ist er~ then , any required computation (e.g., adding A and memory) is done,

and the r e s u l t  is stored in the app r o p r i a t e  reg is te r  at  t he  end of epoch 1.

In the case of a multiply, norma l timing is interrupted and a sequence of 16

clocks i~ sent to the ALU gate arrays to perform a 16-bit signed 2’s complement

m u l t i p ’~i cat ion  by an add/ sh i f t  i t e r a t ion . The product appears in the  32 -h i t

combi ned A/Q reg ister .

At the  end of epoch 1 , the program counter is updated . It

can he incremented by 1 (INCh ), replaced in bits 0-9 by Y , or rep laced

ent ir elv by an address formed in the ALIJ .

Other  reg i s t e r s  in Fi gure 3 are Q (used in the  AL U for

m u l t i pl i ca t  i o n ) ,  R I  (inpu t buffer) and BO (output b u f f e r ) .  In  a d d i t i o n

to i t s  i ndex ing  fu n c t i o n , t he X r eg ister i s  a modest a c c u m u l a t o r .  lt  can he

loaded from memory,  s tor ed in memory , and a memory word can he added or

suht  rae ted from i t s  contents and the resti  I t  st u t e d  III \

V . l i i i I I  I I- h

I- or t lu purposes of hardware dehiigg ing and so ft ware level opment



a separate box called the tester can be attached to the p a i r  of buses

shown in Figure 3 . The tester can do such tasks as: display t he  c o n t e n t s  of

P, X , A , or any main memory location; write any 16-bit word into any RAM

location ; disp lay the instruction addressed by the P register ; load the e n t i r e

102-1-word RAM from a host computer ; single-step through instructions ; imp l ement

a ha rdware breakpoint . The LI SSYN can run as an LPC synthes izer  wi t h  the

tester removed and, in that case, the LISSYN RAM is loaded from a 1024 x l h  TTL

RON (see Fi gure 1 )
~ via a bootstrap program in the 32-word LISSYN ECL RON .

Most of the tester functions interfac e with the LISSYN in a

novel fashion . The tester in te r rup ts  the LISSYN as its h i g h e s t - p r i o r i ty

peripheral device , causing it to branch to an address supp lied by the tester .

That address is the start of one of several short service routines located in

the 32-word ECL RUM. These routines employ four special LISSYN instructions ,

which direct the LISSYN to transfer dat a to and accept data from the tester .

This method of tester i n t e r f ac ing  was adopted to save the mu l t i p l e x e r s  which

otherwise would have been needed to a l l o w  the tester to force data and memory

addresses onto LISSYN buses , it also a l lowed a single 16-hit cable to he used

for both address and data when writing (ISSYN memo ry from the tester , thereby

saving scarce gate array pins .

VI. THE LPC SYNTHE SIZER ALGORI T I~ 1

Figure 4 shows a block diagram of the LPC syn t h e s i z e r  a l g o r i t h m .

It accepts as input a serial hit stream produced in real time from speech b~

an LPC analyzer . The following description is for 4800 bits/see , hut

programs for 3600 and 2400 bits/sec also e x i s t .  The i n f o r m a t i o n  con s i s t s  of

13

_ _  _ _ _ _



_______________________________ — -. ~~~~~~~~~~~ “ 
~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ 

- - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

j18- 2- 132~L~L.

ACOUSTIC TUBE
SAMPLES ACOUSTIC COEFFICIENTS

TUBE ~SYNTHESIZER SERIAL BIT STREAM
UNPACKING FROM MODEM

AND -4 -0

___________ DECODING

ENERGY
-1

EXCITAT ION

(~~~~NERATOR PITCH

r-~~uA LGORITHM

F i g .  4. The IPC syn thes i s  a lgor i thm .

I

I- ) 

—~~~~~~~~~~~~~- .~~--~~~~~~~~~~ - ~~~~--~~~ 
_____ 

_ _ _ _



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

14 binary code word s describing the pitch ( i f  speech is voiced), energy , arid

spectral shape of each frame (approximately 20 msec ) of speech. If speech

is unvoiced during a frame , the pitch word contains a hit pattern that allows

synchronizing of the I,[SSYN with the hit stream , i .e., finding the start of

a frame .

Onc e synchronization is established , the incoming code is

unpacked and decoded . Two parameters , pitch and energy , are  used to generate

excitation for the acoustic tube, which models the vocal tract. The t ub e  i s

specified by 12 coefficients , which are linearly interpolated approximat el y

each S msec.  Every 130 Llsec , the acoustic tube generates another  outpu t speech

sample.

Almost the entire computational load of the I,PC synthesi : r  con-

sists of cycling the acoustic tube. It requires 2 multi p lies and 9 other in-

structions for each of the 12 tube coefficients for each samp le of outpu t

speech. This takes

(2 . 950 nsec + 9 . 200 nsec) . 12/130 ,t~
sec = 34.2~ of rea l t ime.

The entire 4800 hit/sec synthesis takes 23~ of rea l time . lIt e usage ot memory

is: program , 213 locations; constants (including decoding tables), - 11 9 locations;

dynami c storage, 85 locations .

VII. LISSYN ASSEMBLER AND SIMIJLATOR

Almost all of the logically complex funct ions of the LISSYN , p artic u 1arI~

the I/O contro l , are buried insid e gate arrays , where t h e~’ a re  d i f f i c u l t  to

diagnose for failures and impossible to repair. For this reason , a detail ed

simu lation of the system was needed to establish confidence that it c ou l d  he

‘ S  
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made to work after assembly. The fact that each kind of gate array was

simulated in MECL 10K before fabrication was useful in catching some design

errors, but a full system simulation on a computer was still needed. The

system simulation also allowed developm ent of the LPC synthesizer programs

while the LISSYN hardware was being built.

The LISSYN simula tor runs on a Univac  1219 computer .  It accepts

as input the binary code generated by the LISSYN assembler , which also runs  on

the 1219. The simulator operates at quite a detailed level. Some functions

are traced at the register level , others at the single-gate level . The machine

state is updated at every cloc k period . Interrupts and data transfers between

the LISSYN and its I/O devices are also simulated . The LPC synthesizer

program was run on the simu lator to the extent of entering sample frames of

code and observing the waveform produced . One second of speech would take

24 hours to simulate.

As a result of the simulation , a redesign of the LISSYN I/O control

was required . The zorresponding gate array masks were changed before

fabrication began, with a delay of only a day or two. The month of effort spent

in developing the simulator program paid off handsomel y. None of the five kinds

of gate arrays had to be redesigned after their first fabrication. The LI’C

synthesis program ran the first time it was loaded into the LISSYN .

viii. SUMMARY AND CONCLUSIONS

The Lincoln Integrated Speech Synthesizer (LISSYN), was

designed to implert ent a specific LPC synthesis algorithm , as a demon-

stration of the ease and speed of realizing a complex log ical system

I 6
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in cus tom-bui l t  ECL gate  ar r a y s .  The whole  system was desi gn ed an d bu i l t  i n

less than a year. The gate array production process is sufficiently fl exible

that a major change in one gate array design was made shortly before the

mask-making stage with just a few days of added delay. Hardware simulation of

each type of gate array and detailed software simulation of the overall

system produced a reliable logical design despite the complexity of the gate

arrays .

Virtually every part of the LISSYN that could have been made from

gate array logic was included within the 11 gate arrays of S types . There

were only 8 16-pin commercial packages of ECL logic gates . The rest of the packages

were not suitable for integration onto gate arrays : 26 ECL memory packages,

1 ECL crystal-controlled clock , 21 packages using a #SV supply, 1 0/A converter .

Other parameters of the LISSYN are: single 1024 x 16 main memory for

data and program , 200 nsec instruction cycle , 950 nsec add/shift multiply,

binary serial input, analog output via 12-hit U/A converter and desamp ling

filter , 0.35 cu. ft. volume , 60 watts l)C power .

The goal of the LISSYN project was to produce a system with adequa te

computing power for LPC synthesis , with a minimum amount of hardware and

engineering effort . The LISSYN runs the linear predictive speech synthesis in

43’~ of real time . However , this speed is muc h less than can he obtained from gate

array logic , which has about 1.5 nsec/gate average delay . The addition of a

faster multiplier rather than the add/shift system used for LISSYN would permit

the use of pipelining techniques that could make the LISSYN at least twice

as fast as it is.

17
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The development of a ti - ~t 16-hit multi p l i e r , small enough to reside in

a LISSYN type machine without si gnif icantly increasing its overall size or power

consumpt ion,appears to be pos sible using dielectric isolat ion techniques.

A reasonable extension of the LISSYN project would therefore be the fabrication

of such a multi pl ier and its subsequent inclusion in either a full-duplex

gate array vocoder or a multi ple-synthesizer version of the LISSYN .

18 
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A P P E N D I X  A
DESCRIPTION OF L I S SYN GAT E ARRAYS

1) ALU 4—Bit Slice

F i gure  Al shows a b lock  diag ram of the ALIJ gate array. The heavy

lines represent 4-bit data paths. There are three 4-hit registers of master-

slave flip-flops. The B register is simp ly an outpu t buffer for the adde r

output , w h i c h  a l s o  appears d i r e c t l y  on the S bus .  A and Q a re gen era l  reg i s t e r s

that can p rov ide  inpu t to and s tore output  from the adder . The s h i f t ed i n p u t s

to A and Q are chosen to facilitate linking A and Q for add/shift multiplication .

There is a zero d etector on the output of the A register . Externa l data can

enter on two 4-hit buses , L and R. The usua l 2’s complemen t ari thme t ic

operations and log ical operations are available.

The ALU gate array has greater capability than was needed for the

LISSYN. For examp le , the LISSYN makes no use of the ability to add or

subtrac t Q from memory , detect overflow (OVF) , and provid e group propagate

(GP) and generate (GG) signals for carry look-ahead .

2) Register-Transfer -1-Bit Slice

The block diagram of 4 linked register -transfer gate arrays  appears

in Figure 3 and their operation is described in section IV . One feature

not appearing in the linked drawing is carried in and out for the incremen ter

of the program counter. Another is two special contro l lines that allow the

upper 2 bits to he differentiated from the lower two bits in order to imp lement

the 10-bit masking and sign extension of the V field , whose boundary does

riot coincide with the boundary of a I-hit slice.

I 9
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3) Con t rol -\

The Control .\ p at ’ i r r a  per forms four  n e a r l y  separate cont ro l

f u n c t i o n s .  See Figure \2

Tim ing Generator - This c i rc uit r ece ives  as input the Q M h z  o s c i l l a t o r

and three  of the t inh ing phases produced by the phase  genera tor  ga t e  ar r a \ .

I t  produces t i m i n g  s i g n a l s  for the res t  of the LISSYN . ACLK c l o c k s  the  ALI J

g a t e  a r r a y .  EP1 and EPØ d e f i n e  the  two i n s t r u c t i o n  e~~ chs and c l o c k  a l m o s t

e v e r y t h i n g  e l s e  in t i -ic LISSY N . (The phase  genera to r  and a few f l i p-

f l o p s  are c locked  d i r e c t l y  b~ the  o s c i l l a t o r .)  In a d d i t i o n  to c l o c k s , t h e

t iming  genera to r prod uces si gnals to start or stop the phase generator on

the  m u l t i p l y  ( M P h . )  and h a l t  ) F I L T )  i n s t r u c t i o n s  and m u l t i p l y  phases t ha t  are

used elsewhere in Contro l .-\ to d i s t i n g u i s h  among the  f i r s t , l a s t , and

remai ning m u l t i p l i e r b i t s .

End Log i c  - This  c i r c u i t  examines  the appropriate a r i t h m e t i c  s t a t u s

bi ts and computes the proper value to shift into the high order h i t  of t h e

A register. Most of its complexity s tems from the  spec ia l  t r e a t m e n t  of t h e

sign hit in the 2 ’ s com plement  add/ sh i f t  m u l t i p l y .

OP Cod e Latch and Conditioner - Thi s  c i r c u i t  s tores the  OP code

d u r i ng epoch 1 of the ins truc tion cyc le  and genera t es the cond i t iona l  OP

code for addressing the contro l RUM . See A ppe nd i x  B , Ins t r u c t i o n  D e c o d i n g .

Cont rol M o d i f i c a t i o n -\ — This circuit modifies 5 outputs of the contro l

RUM , mos t l y to aid in multiplie s and index additions. See Appendix B ,

Instruct ion l)ecoding.

-I) Con tro l B

The Contro l B gate array per -forms f i v e  nearly separat  e ft r n c t  ions •

See Figure \~
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R e a l - T i me Clock - This c i rcu i t  runs d i rect ly  off the o s c i l l a t o r

and produces a symmetric  square wave whose period is con t ro l l ab le  in incre-

mer it s  of l.6gsec up to 203.2/jsec. The LISSYN real-time clock is hard -

wired  for a 129 .6 ,Usec period and is used to clock the [)/A converter.

~~p~t/Output Control - This  logic  i n ter f aces the  LISSY N with its

three peripheral devices , the D/A converter , the S/P converter , and the tester .

It  generates an interrupt (INT) signal and two I/ O status si gnals .

The re is an interrupt loc kout flag that can he set and cleared under p rog ram

control. Tester interrupts can ’t be locked out .

Ext mux - This c i rcu i t  controls  the handl ing  of entry and return addresses

for programmed subroutines and interrupt service routines . Main memory

addresses 0-4 are used to store these addresses.

Test Logic - This circuit stores the result of any test for a conditional

jump . If the jump is to a subroutine , the writing of the return address

is also conditional. The outputs are a jump condition bit to control the

updating of the program counter and a fanned-out memory write enable capable

of dr iv ing al l  the RAM chips.

Control Modificat ion B - This circuit modifies 4 outputs of the

contro l ROM , mostly to aid in index addition. See Appendix B , Instruction

Decoding.

V 

PHASE GENERATO R

See Figure A4. This circuit converts the 20 MHz oscillator si gnal

into four t iming phase si gnals , P110 , P111 , P112 , P 113 which are

then used for gating other functions on the Control A and Contro l B ga te

arrays . The phase generator can he started , stopped , sing le-stepped , or

2- I
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cyc l ed to a known s t a r t i n g  s t a t e  under the control  of si gna l  l i n e s. When

the LISSYN is executing a multi pl y, the phase generator is temporaril y stopped

and then restarted under the control of the timing generator in Control A .

During the pause, the timing generator produces l( ACLK signals for the Al ,II

to carry out the add/shift iterations. The phase-generator  desi gn preda ted

the LISSYN project . The chi p area is less than half utilized .

~ 
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A P P E N D I X  B

I NSTRUCTION IIECOI)ING

A t radeof f  of increased complexity for a decrease in critical

decoding delay and a decrease in control memory size was made in the LISSYN .

The pattern of the 32 contro l signals depends not just on the 6-bit 01’ code

of the instruction being executed but also on which epoch (0 or 1) of that

instruction is in progress and , for multiplication , which bit of the multiplier

(low-order , sign , or other) is being examined and what value that bit has.

If all these parameters were used to form the address for a single contro l

memory, it would need 1024 words of 32 hits each , an unacceptable amount .

In addition , it ~ould unduly slow index addition and multiplication.

Therefore the LISSYN uses the decoding scheme shown in Fi gureBi . It is

less regular in form but requires only 64 words of 32 bits (8 packages

of 32 x 8) for the control memory . In addition , it is faster in the critical

delay paths of index addition and multip lication.

Figure Bi reveals that decoding is a 3-stage process.

1. The 6 bits of the OP code and the epoch-defining signa l IP I

are expanded by the OP code conditioner into 11 signals to be used

for addressing the eight 32 x 8 contro l RUM ’s near the top of FigureBl

‘I 2. The ROM ’s decode their addresses to produce 32 control signals.

3. Nine of the control signals are modified in the gate arrays .

Notice that not all the control ROM ’s are addressed in the same manner .

ROM ’ s CØ, Cl , DØ, and Dl produc e control signals that needn ’t vary from

epoch 0 to epoch 1. These can use the 6 hits of the OP cod e for addressing

.
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in the usual manner.  ROM ’ s BØ and 81 produce contro l signals which do vary

from epoch 0 to epoch 1. However , carefu l assignment of OP codes permit s

the control signal pattern to be insens itive to OP code bit 2 during epoc h 0

and to bit 3 during epoch 1. In each epoch , a pair of instructions effective ly

shares each word in a RUM , hut the pairing is different in the two epochs .

ROM’s AØ and Al produce control signals that vary between epoch 0 and epoch 1

when OP code bit 1 is a 1 but do not vary between epochs when 01’ code

hit 1 is a 0. In epoch 0 a pair of instructions share each word of RUM AØ,

but in epoch 1 , each instruction has its own word in RUM AØ or RUM Al.

The modifications needed for index addition are such that the critical

outputs of the control modification A block are independent of the inputs

from the ROM ’s, so the delay through the ROM ’s is avoided . During multi p lication ,

the ROM outputs do not change with th-~ position of the hit being processed . so

again the delay throuc~h control modification A is small.

I
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A P P E N D I X  (~

THE LESSYN INSTRUC T ION SET

Each LISSYN instruction has a 6-hit OP code and a 10-bit numerica l

field , Y. The following abbreviations have been used in the instruction

t a b l e :

y The ten-hit Y field , in terpreted as a positive integer , ex tended
wi th :eros to 16 hits.

Y ,sx The ten-bit \ ‘ f i e l d , i n t e r p r e t e d  as a s igned , 2’s complemen t integer ,
sign extended to 16 hits .

Y ,msk The ten-bit Y field rep laces hits (1-9 of the register being altered .
Bits 10-15 of that r e g i s t e r  are unchanged .

ILO The interrupt lockout f l ag .

TØ The 16 bi ts on the tester bus to the LISSYN at the end of instruction
epoch 0.

Ti The 16 bits on the tester bus to the LISSYN at the end of instruction
epoch 1.

M(n) The n-th location of main memory

+ 2’s complement addition

— 2’s complement subtraction or net~ation

Signed 2’s complement multi plication

V logical OR

A logica l AND

logical exclusive OR

R logical complement of reg ister R

31)
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PROGRAMMEL) JIJMI’ S

OCTA L OP ~~EMoN Ic: CON D I T I ON R E GI STER OR NEW VALUE OTHER

CODE AT STA RT FLAG A LTER E D l \l-ORtl \lION

OF INST RUC-
‘F ION 

____________ ______________

A > 0 P Y , nsk cond itional j ump
,JPL\ S M ( O )  P t~ subrou t i n c

A~~~0 P

01 JNAS A ~ 0 P Y , msk c o n d i t i o n a l  Jump
M(O) P t~ subrour in c

A~~~O P P + l

04 J:As A 0 P Y , msk conditiona l jump

MU) P to ‘oibrout

A~~~ O P P + l

JU AS A ~ 0 P Y , msk cond itional j uni~’
M (O) P to subr out ine

A = 0  P [‘ + 1

06 IO IJP P M ( l ) + Y , sx return from
I / U  sub r o u t i n e

V JPS P Y , m sk

10 J PZA A 0 p Y , msk

A~~~0 P p + 1

1 1 JNA A~~- 0 P Y , msk

A~~~0 P

12 JPZX X _  0 P Y , msk
X x - 1

X -~~0 I’ P + 1
X X - l

13 JNX X 1) P Y , msk
x x + l

x~~: 0  p
X X + l

31
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P RO GR A M M E D JUMPS (Cont ‘d)

U U. OP ~‘lNI ? ’N )\ I C1)NI I T I I ) \  REGIS l E R  OR NEW VALUE OTHER
1 0(11- A I S l A P I I I_ \ I  ALTEP EL) INFORMAl’ ION

OF I\SIRII C-
TI ON

14 S\ = I) I’ 1 , msk

15 ,1II:-\ \ � 0 P Y , msk

A = I ) P P + I

It ,  1.11 ’ P M(O)- .- Y ,SX re turn  from
subrout inc

1 ’ I P  P 1 , msk

P Ti Used to start
L1SSYN at address
in tester s w i t c h e s

~~ ~i }  I I \ N }  I)II’ -~ ( I IN  P01 155110k l I O N S

INT [) / -\ ‘1(1) P Not recommended
Interr upt P as a programmed

~I ( l )  
i n s t r u c t i o n .  R e s u l t
when no i nt e r r u p t

I n t e r r u p t  I -~ V Vis present is not
e s t e r  M ( 4 )  I’ uni quely known .

Interrupt P ~f 1

20 li lT none LISSYN stops
execution . If start
switch is pushed ,
the next instruc-
tion will be
taken from P+I .

21 SIL ILO i (set)
P

34 RIL lEO 0(cleared)
_ _ _ _ _ _ _ _  ______  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _  

p + 1  
_ _ _ _ _ _ _ _ _

MEMORY R FAI ) / W R 1T E

22 STCON M ( T O )  Tl Used t e  w r i t e
p + I memory from

tester 
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MEMORY READ/WRITE (Cont’d)

OCTAL OP MNEMONI C COND ITION REG ISTER OR NEW VAL UE OTHE R

CODE AT START FLAG ALTE RED INFORMAT I ON

OF INSTRUC-
_________ 

TION _____________

24 AXCON P P + 1 A or X reg i s te r
is disp layed at
tester , accordi ng
to switch 0-n
tester.

32 yix x ‘I’, sx
P P + l

35 I LDCON P P + 1 M(TO) is dis-

- played at
tester

47 LDQX Q M (Y+X)
p P + l

57 LDQ Q M(Y )
P p + l

60 STAX M(Y+X) A 
+ 1

70 STA M (Y) A
p p + l

61 STXX M(Y+X) X
P P + 1

71 STX M( Y ) X
p P + l

62 - STBX M(Y+X) 81
P P + 1

72 STB M(Y)  BI
p P + l

63 ‘ STPX M(Y+X) P
p P + l

73 STP M(Y)  P
p P + l

64 WAX A M(Y+X ’ 1
P P + l

5 -, V
.,
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MEMORY READ/WRITE (Cont ’d)

OCTAL OP MNEMONIC C ONDITION REGISTER OR NEW VALUE OTHER
CODE AT START F LAG ALTERED INF ORMATIO N

OF INSTRUC-
_____________________ TI ON 

__________ ________ _____

- 7-2 LDA A M(Y)

I 
p P + 1

65 LDXX X M ( ,Y + \ )
P P + 1

75 LDX X M(Y)
P P + l

66 - LIJBX RU ‘lI~~~\ I
P P + l

LoB I RU \ 1 ( Y )
P P + l

LDPX P I M(Y+X)

‘77 
- 

,~ 
LDP P 

- - 

N1(Y)

______ 

AR ITHMETIC / LOGICAL INSTRUCTIONS

03 [. -\ A 0 
- - -—

P I P + l

23 SUBX - X X - M( i)
P P + l

33 , ADDX 5 X + M ( Y )
P P - ~- l

40 ADI1AX A i A+M(Y+X)
I’

50 ADLIA A 
I 

A+M(Y)
I p P + l

41 AXORX A ~ M(Y+X)
1

I p

SI AXOR 
V 

A A ~ M(Y)
P P + 1

42 SUBAX -\ A - M ( Y + X )

I I- P + l

p

h
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ARITHMETIC/LOGICAL FUNCTIONS (Cont ‘d)

OCTAL OP MNEMONIC CONDITION REGISTER OR NEW VALUE OTHER
CODE AT START FLAG ALTERED INF ORMATI ON

OF INSTRUC-
TION

52 SUBA A A-M(Y)
P P + l

43 MMA X A M(Y+X)-A
P P + l

MMA A M(Y)-A
P P + 1

44 MNDX A APM(Y+X )
P + 1

54 AAN D - A AAM(Y)
I P 1 P +  1 I

45 MULX A Q . M ( Y + X ) , Takes 950 nsec
b i t s  16-31

Q , Q .p .~(y+)( ) ,
bits 0-15

I p : P + l

55 MilL A Q~M(Y ) , Takes 950 rlsec
hits 16—31

Q - Q~M(Y),
bits 0-15

p P + l

46 AORX A A~M(Y i-X)
P P + 1

56 AOR . A AVM (Y)  I

26 I HVAQ I A , Q (A , Q )/ 2  Linked  ri g ht S

P P + 1 s h i f t  w i t h
sign exten sion

27 DBAQ A , Q 2 ( A . Q) Linked left
p p + 1 sh i f t

30 CISIPA A A I

I 
P P + 1

35
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S S S

ARIT H METIC/LOGICAL FUNCTIONS (Cont ‘d)

OCTAL OP MNEMONIC CONDITI ON REGISTER OR NEW VALU E OThER
CODE AT START FLAG ALTERED INFORMATION

OF INSTRUC-
TION 

__________ ____________

31 STQA A Q Used to retrieve
J’ + 1 low-order

product. Q can-
not be stored
in memory.

36 CSA A -A
P P + 1

37 DBA A 2A
P p + 1

I S 
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